Results obtained for the isolated and liquid 3-amino-1-propanol by a concerted molecular orbital and vibrational spectroscopic approach are reported. The relative energies and both structural and vibrational data of the different conformers of the studied compound were calculated using the extended 6-31G* basis set both at the HF-SCF and MP2 ab initio levels of theory and the theoretical results used to interpret Raman and infrared experimental data. In the gaseous phase and for the molecule isolated in an Argon matrix, monomeric 3-amino-1-propanol exists as a mixture of conformers, the first and second lowest energy forms corresponding to conformers which exhibit an intramolecular OH N hydrogen bond (forms I and II). On the other hand, in the pure liquid, where intermolecular H-bonding occurs, the monomeric unit within the aggregates assumes a conformation similar to that of the third most stable form found for the isolated molecule situation (form III), which is characterised by having a weak intramolecular NH O bond. The experimental data obtained for the pure liquid also reveals the presence of monomeric form I in this phase, a result that is in consonance with the strongly stabilizing OH N intramolecular hydrogen bond that is present in this conformer.
Introduction
The conformational isomerism in isolated and liquid 2-aminoethanol (2AE) has been recently investigated in our laboratory by a concerted molecular orbital and vibrational spectroscopic approach [1] . In the present study, results ob- Fig. 1 . Projections of the resulting structure of 3-amino-1-propanol obtained by microwave spectroscopy (adapted from [2] ).
tained for the more complex aminoalcohol 3-amino-1-propanol (3AP) using a similar methodology are reported.
From our previous studies in 2AE, it could be established that the simultaneous presence in this molecule of the NH 2 and OH groups allows the establishment of different types of intra and intermolecular hydrogen bonding which were found to have different importance in the various phases studied. For the isolated molecule, OH N and NH O intramolecular hydrogen bonding may occur, the first being considerably stronger than the last [1] . On the other hand, in the liquid phase, the intramolecular NH O hydrogen bonding plays a prominent role in stabilising the conformations that are the most populated forms under this condition, while the OH N intramolecular hydrogen bonding is virtually absent. This latter is replaced by the stronger OH N intermolecular hydrogen bonding that becomes the prevalent interaction in this phase [1] . In a similar way to that found in 2AE, it can than be expected that, both in isolated and liquid 3AP, hydrogen bonding interactions are also the main factor leading to the stabilisation of certain conformations.
3AP is characterised by four independent torsional angles (lp-N5-C4-C3, N5-C4-C3-C2, C4-C3-C2-O1, C3-C2-O1-H6; lp, lone pair). The different stable conformations are obtained by rotation around the C4N5, C3C4, C2C3 and O1C2 bonds, and the values of the appropriate dihedral angles are, in all cases, expected to be close to 60°, − 60°and 180°.
In a microwave study of 3AP [2] in the gaseous phase, a structure close to a gauche-gauchegauche-gauche form, with an OH N intramolecular hydrogen bond, was found to be the most stable conformer (Fig. 1) . To simultaneously form the hydrogen bond and keep the internal rotation energy minimum, the molecule folded itself to a compact six-membered ring, the OCCCN framework being slightly distorted from the exactly staggered configuration towards planarity. A recent gas-phase infrared study supported the microwave results, clearly demonstrating that a conformer with an intramolecular OH N bond strongly predominates in this phase, while evidences of the presence of a second conformer with a free OH group were also presented [3] .
Theoretical studies carried out at the HF 4-31G [4] [5] [6] and DFT B3lyp [3] levels have also established the importance of the intramolecular OH N interaction in this type of compounds. For 3AP, these calculations indicate that this interaction is present in the two most stable conformations, despite in the second lowest energy form it is of minor importance. The intramolecular NH O interaction was considered to be present in four of the minima found in the potential energy surface of 3AP, but it was suggested to be a weak interaction [3] [4] [5] [6] .
In an infrared spectroscopic study of aminoalcohols in solution [7] it was proposed that the presence in these compounds of strong intramolecular hydrogen bonding may reduce considerably their association tendency, so that a considerable amount of intramolecularly hydrogen-bonded species may exist in concentrated solutions. The associated species formed were largely composed of cyclic dimers, whose precise nature was found to depend on the strength of the intramolecular hydrogen bond. In 3AP, the dimers involved the participation of the nitrogen atom, so that fairly large ring dimers (twelvemembered), with an intermolecular OH N hydrogen bond, are formed [7] .
As mentioned above, the prevalent hydrogen bonding in liquid 2AE is the intermolecular OH N bonding [1] . The formation of this bond, whose mean energy of stabilization is known to be ca. 29 kJ mol − 1 [8] (i.e. nearly twice that associated with the intramolecular process in the most stable conformer [1, 9] ), leads necessarily to the break of the intramolecular OH N hydrogen bond of the two most stable forms found in the vapour phase. Indeed, no spectroscopic evidence of the presence of these two forms in liquid 2AE could be found [1] . The preferred conformations in the liquid phase are those which have an intramolecular NH O hydrogen bond, that was found to activate both the OH and NH 2 groups to the establishment of the prevalent OH N intermolecular hydrogen bond. It could be expected that 3AP should show a similar behaviour. Nevertheless, since 3AP has an increased conformational flexibility (which shall lead to stronger intramolecular hydrogen bonding), its association tendency shall reduce when compared to 2AE, and we would expect an increased amount of the free intramolecularly OH N hydrogen bonded species to be present in the pure liquid. Such hypothesis appeared attractive to investigation, since the relative amount of free versus associated species may play a dominant role in determining the ability of linear aminoalcohols to form very stable glasses that can be successfully used to prevent ice formation during the process of vitrification in organ or biological tissues cryopreservation [10] . In addition, to date, most of the theoretical studies on 3AP have focused only on the energies, structures and intramolecular interactions of the most stable conformations for the isolated molecule situation. The vibrational data is very scarce and have not yet been correlated with a high level theoretical model.
In this article, the vibrational spectra of 3AP in the liquid phase, in CCl 4 solution and isolated in an Ar matrix are presented. These data are interpreted with the help of theoretical results obtained from vibrational calculations carried out using the HF/SCF-MO 6-31G* ab initio calculated force fields.
Experimental
3AP was obtained commercially spectroscopic grade (Aldrich, purity 99 + %) and was used without any additional purification. The sample was handled in a glove box to avoid moisture from air. To undertake the matrix-isolation infrared studies the sample was pre-mixed with Ar (99,999% purity) under reduced pressure. The gas mixture (matrix:solute= 1500) thus formed was then sprayed onto the cold KBr window at 14 K. The gas flux was controlled with two swagelok valves (models BMG and BMRG), which make the connection to an APD cryogenics DMX closed cycle helium refrigeration system whose principal component is a DE-202 Displex expander. The refrigeration system is supported by an APD cryogenics Helium compressor (model HC-2D-1). For the conventional IR spectra a specially designed demountable transmission variable temperature cell with KBr windows, linked to a T48 (Red Lion Controls) temperature controller was used. The IR spectra were obtained using a Mattson (Infinity Series) or a Bomem (MB104) Fourier Transformer spectrometer equipped with a deuterated triglycine sulphide (DTGS) detector and Ge/KBr or Zn/Se optics. Data collection was performed with 1 cm − 1 spectral resolution. Solution studies were undertaken at room temperature using CCl 4 (Riedel-de-Häen, + laser, adjusted to provide 220 mW power at the sample, was used as excitation radiation. Detection was effected using a thermoelectrically cooled Hamamatsu R928 photomultiplier. The spectrum was recorded using increments of 1 cm − 1 and integration times of 1 s. Band intensities, from the matrix-isolation and Raman spectra, were obtained from the area of the observed peaks, subjected to previous deconvolution by using the peak fitting module of ORIGIN 4.0 [11] .
A simulation of the Ar matrix and calculated HF 6-31G* spectra of isolated 3AP was performed by gaussian synthesis, from the experimental and ab initio frequencies and intensities, using the SYNSPEC programme [12] .
The ab initio molecular orbital calculations were performed using the 6-31G* basis set [13] with the GAUSSIAN92 program package [14] running on a DEC ALPHA 7000 computer. Molecular geometries were fully optimised by the force gradient method using Berny's algorithm [15] and the standard convergence criteria for the geometry optimisation both at the Hartree-Fock and MP2 levels of theory. The HF 6-31G* ab initio calculated vibrational spectra were then used to help interpretation of the spectroscopic results, the calculated wavenumbers being scaled down in order to fit to the experimental values by using a single scale factor (0.89 [16] ). Normal co-ordinates analysis was undertaken using the programs TRANS-FORMER, BUILD-G and VIBRAT [17] which are interfaced with GAUSSIAN92.
Results and discussion
Relative energies of the 38 local minima found in the HF and MP2 potential energy surface of 3AP are shown graphically in Fig. 2 . The three most stable conformers of the studied molecule are depicted in Fig. 3 , and some calculated relevant data for these forms (relative energies, predicted population at room temperature assuming a Boltzmann distribution and selected structural data) are compared with the available experimental data in Table 1 1 . Considering the sum of Van der Waals radii of (H+ N)=270 pm and (H +O)=260 pm [18] , conformers I and II, with r(OH N) B 270 pm, and conformer III, with r(NH O) B260 pm, are considered to be stabilised by an OH N or NH O intramolecular hydrogen bond, respectively, these interactions being the main factors responsible for their low energy.
From Fig. 2 it can be seen that there is a relatively large energy gap between the most stable form (I) and all the other conformers. This conformer is then predicted to be considerably more populated (MP2: 95.5%; HF: 78.8%) at room temperature than the remaining forms. The greater relative stability of this structure clearly shows that the intramolecular OH N hydrogen bond it exhibits is considerably strong. The 2nd ; predicted populations, p (%), at room temperature, were calculated assuming a Boltzmann distribution (the total population of the remaining 35 conformers is predicted as pB14% and pB2% at the HF and MP2 levels of theory, respectively); bond lengths and distances in pm; dihedral angles in degrees; Mü lliken atomic charges in units of electron (1e − =−1.6x10 −19 C). b From [2] . c From [3] . lowest energy form, predicted to have an energy of 8.82 kJ mol − 1 (HF: 6.57 kJ mol
) above the most stable conformer, has also an OH N intramolecular H-bond, which is however considerably weaker than that present in the conformational ground state, as can be seen by comparing the distances between the atoms involved in this interaction in these two conformers (MP2: 197 pm versus 219 pm; HF: 212 pm versus 245 pm; see Table 1 ). The longer CN and OH bond distances, the larger absolute values for the atomic charges of H6 and N and the shorter CO bond length calculated for conformer I are also consistent with the existence in this form of a stronger H-bond interaction. On the other hand, form III, with an energy of ca. 12.77 kJ mol ) above the most stable conformer, exhibits the much weaker NH O intramolecular interaction. The calculations also predict the existence of three higher energy minima showing an intramolecular NH O hydrogen bond (see Fig. 2 ).
It is worth to mention that the relative energies of the three lowest energy conformers calculated using the 6-31G* basis set are in good agreement with the previously reported values obtained by using the smaller 4-31G basis set or resulting from DFT calculations (4-31G [5] : DE II − I = 8.91, DE III − I = 12.33 kJ mol ). However, the lower level 4-31G theoretical calculations could only identify 33 of the 38 energy minima of 3AP.
In general, bond lengths and bond angles calculated at the different levels of theory do not show important differences, despite the MP2 calculations lead to slightly longer OH, CN and, specially CO bonds when compared with the Hartree-Fock values, thus matching closer the experimental values obtained by microwave spectroscopy [2] . Moreover, changes in these structural parameters with conformation were also found to be similar at the different levels of theory. Table 1 also compares the 6-31G* calculated values for the main dihedral angles of conformer I with those experimentally obtained [2] . These structural parameters are a good measure of the quality of the theoretical predictions, since they correspond to very flexible co-ordinates, strongly sensitive to intramolecular interactions. The 6-31G* values show a fairly good agreement with the experimental data, pointing to an adequate description by this basis set of the main intramolecular interactions that determine the preferred molecular conformations of 3AP. Since most of the geometric features that characterised the various conformers of 3AP were already well described elsewhere [5] they do not deserve here further treatment. Table 2 summarises the 6-31G* calculated vibrational results obtained for the most populated conformational states (I, II and III) of isolated 3AP. The infrared spectrum of 3AP isolated in an Ar matrix is shown in Fig. 4 . The absence of significant contribution of dimers (or higher order aggregates) to the observed spectra was checked by comparison with spectra obtained using low matrix/solute ratios (intensive mark bands of aggregated species appear at 3283, 775 and 767 cm − 1 ). The assignment of the observed bands is presented in Table 3 and a simulation of calculated and experimental (Ar matrix) spectra of 3AP, which allows an easier comparison between theoretical and experimental results, is shown in Fig. 5 . As it could be anticipated, the vibrational bands owing to the most stable conformer I dominate the spectrum of 3AP in the low temperature matrix. The fact that the main observed bands occur as doublets (or triplets) could be ascribed to site splitting and demonstrates the existence of non-equivalent matrix sites. Some of the less intensive bands are as a result of conformers II and III. The comparison of the calculated and observed intensities of the bands ascribed to the nCN and nOH vibrations of the three conformers (these bands stay in a relatively clean spectral region and could be easily assigned to individual conformers) allows us to evaluate approximately the conformational composition of 3AP in the Ar matrix and to estimate the relative populations of forms I, II and III at the deposition temperature (298 K). The results show that, at this temperature, the relative populations of the three experimentally observed conformers are 1:0.021:0.003, which correspond to relative energies of DE II − I = 9.54 and DE III − I = 14.23 kJ mol [1, 18] and 3417 cm − 1 , respectively, being consistent with the expected existence of a stronger intramolecular OH N hydrogen bond in 3AP. It is also worth to mention that the vibrational calculations show the occurrence of an extensive coupling of co-ordinates in 3AP (see Table 3 ). This result can be correlated with the great torsional flexibility of this molecule and further reinforces the importance of intramolecular interactions in this system. Fig. 6 shows the nOH region of the infrared spectra of 3AP in CCl 4 solution, at different concentrations. In these spectra, besides the typical broad band as a result of aggregates, bands as a result of monomeric species can be observed. The two low intensity bands appearing at the higher frequencies (3684 and 3639 cm − 1 ), can be assigned to monomeric forms III and II, respectively, while the band at 3396 cm − 1 , which is superimposed with the band resulting from the aggregates, is ascribable to the conformational ground state (form I). These bands are observed at frequencies close to those of the corresponding bands in the spectra of the Ar-matrix isolated 3AP (3706, 3660 and 3417 cm − 1 ; see Table 4 ) though they are slightly red-shifted because of the higher effective polarity of the solvent.
The liquid phase infrared and Raman spectra of 3AP are shown in Fig. 7 . The assignments of the observed bands in both spectra are presented in Table 4 . Most of the bands of the spectra of the aggregates can be fairly well assigned taken as reference the calculated spectra of monomeric form III, indicating that this is the preferred conformation assumed by the monomeric units within the aggregates. As previously mentioned, the intramolecular NH O hydrogen bond exhibited by this conformer (that is the lowest energy form having an intramolecular NH O hydrogen bonding in isolated 3AP) makes the hydroxyl group more acidic and the amino group more basic and then activates both OH and NH 2 groups to the establishment of the intermolecular OH N hydrogen bonding which is the dominant intermolecular interaction present in the aggregated species. The importance of this intermolecular hydrogen bonding in liquid 3AP is also reflected in the frequencies of the bands assigned to nOH, which strongly decrease when compared with those of the free monomeric species, and to dCOH and tHOCC, that increase when the OH group is involved in the intermolecular H-bonding [20] . These results are in agreement with the conclusions of our previous study in 2AE, where a conformation structurally similar to form III of 3AP was also found to be the preferred configuration assumed by the monomeric units within the aggregates, in the liquid phase [1] .
On the other hand, very interestingly, in contrast with the results obtained for 2AE, there are spectroscopic evidences that some molecules adopting the conformational ground state of isolated 3AP-form I-are also present in the pure liquid. In particular, the infrared bands at 1224, 1149, 940 (this later also observed in the Raman spectrum) and 776 cm − 1 assigned to the twC2H 2 , gC2H 2 , vNH 2 and nCCs. vibrations, respectively, are ascribable to monomeric form I (see Table 3 for comparison with the frequencies of the corresponding bands in the matrix isolation spectrum Fig. 4 . Low temperature (14 K) infrared spectrum of 3-amino-1-propanol isolated in an Ar matrix (baseline corrected; water bands subtracted). Table 3 Gas phase [19] and low temperature matrix isolation spectroscopy infrared vibrational spectra, HF 6-31G* calculated relevant infrared wavenumbers and intensities for the most populated conformational states of 3-aminopropanol and calculated potential energy distributions (PEDs) for the vibrations of the conformational ground state (I) [20] , when the OH group participates in H-bonding, the wavenumbers of nOH and nCO decrease while those of dCOH, tHOCC increase relatively to the isolated molecule situation.
d Abbreviations: n, stretching; d, bending; g, rocking; v, wagging; t, torsion; tw, twisting. and with the calculated frequencies for this form). In addition, the dependence with temperature of the infrared bands at 1328 and 1054 cm − 1 (ascribed to twC4H 2 and nCO of the aggregates), also indicates that these bands must have a partial contribution from vibrational modes of monomeric form I (in particular vC3H 2 and nCN) .
The different behavior of 2AE and 3AP with respect to the presence of monomeric molecules adopting the conformation I in the liquid phase can be correlated with the fact that the intramolecular OH N hydrogen bond in the conformational ground state of isolated 3AP is much stronger than in isolated 2AE. Indeed, besides the lower observed nOH frequency for 3AP already mentioned, the calculations also show that form I of 3AP has a longer OH bond length and a shorter N HO distance when compared with the corresponding conformer of 2AE (Table 5) . Furthermore, a previous theoretical work on aminoalcohols carried out using the 4-31G basis set also indicated that the strength of the intramolecular OH N interaction in linear aminoalcohols should increase with ring size [5] .
The strong intramolecular OH N interaction in 3AP reduces the association tendency in the pure liquid and some monomers of form I are still present in this phase. An increase of temperature leads to an increase of the relative intensities of the bands assigned to this form (Fig. 8) , since the ratio between the free and H-bonded species shall increase with temperature (the overall process of complexation is exoenergetic) [21] . A detailed quantitative analysis of this association process, which is complicated by the change of conformation upon complexation, deserves further attention and studies are actually running in our laboratory to address this question.
